The intramembrane molecular events underlying activation gating in the Streptomyces K ϩ channel were investigated by site-directed spin-labeling methods and electron paramagnetic resonance spectroscopy. A comparison of the closed and open conformations of the channel revealed periodic changes in spin-label mobility and intersubunit spin-spin interaction consistent with rigid-body movements of the two transmembrane helices TM1 and TM2. These changes involve translations and counterclockwise rotations of both helices relative to the center of symmetry of the channel. The movement of TM2 increases the diameter of the permeation pathway along the point of convergence of the four subunits, thus opening the pore. Although the extracellular residues flanking the selectivity filter remained immobile during gating, small movements were detected at the C-terminal end of the pore helix, with possible implications to the gating mechanism.
The intramembrane molecular events underlying activation gating in the Streptomyces K ϩ channel were investigated by site-directed spin-labeling methods and electron paramagnetic resonance spectroscopy. A comparison of the closed and open conformations of the channel revealed periodic changes in spin-label mobility and intersubunit spin-spin interaction consistent with rigid-body movements of the two transmembrane helices TM1 and TM2. These changes involve translations and counterclockwise rotations of both helices relative to the center of symmetry of the channel. The movement of TM2 increases the diameter of the permeation pathway along the point of convergence of the four subunits, thus opening the pore. Although the extracellular residues flanking the selectivity filter remained immobile during gating, small movements were detected at the C-terminal end of the pore helix, with possible implications to the gating mechanism.
The functional behavior of ion channels is based on two fundamental processes: permeation and gating (1) . Permeation is responsible for the selective and efficient translocation of ions across the membrane, whereas gating tightly controls access of ions to the permeation pathway, effectively determining channel activity.
Recently, in what can be considered a defining moment for ion-channel research, the crystal structure of KcsA, a potassium channel from Streptomyces lividans (2) was determined at 3.2 Å (3). The structure revealed a tetrameric complex with a centrally located pore formed by the apposition of individual subunits, each with two transmembrane helices (TM1 and TM2) flanking a "selectivity filter" (3) . Functional characterization of KcsA in planar lipid bilayers demonstrated a K ϩ -selective channel of 140 pS with very short open times and at least two subconductance states (2, 4) . KcsA is mostly closed at neutral pH, but it can be stabilized in the open state at low extracellular pH [(4), but see (5) ], a finding that has opened the door to high-resolution structural studies of the gating mechanism. Although the proton-dependent events that trigger channel opening are not understood, experiments with vectorially reconstituted KcsA suggest that these events occur on the extracellular side of the molecule (4) .
This article deals with two fundamental questions concerning activation gating in ion channels: (i) the location of the gate that opens and closes the permeation pathway, and (ii) the type of molecular movements that allow the gate to physically occlude the pore in a reversible manner. Evidence from kinetic studies of K ϩ -channel blockade by quaternary ammonium ions (6) suggests that in voltage-dependent channels both open-channel block and ion-trapping effects are associated with changes at the intracellular end of the molecule. Cysteine scanning experiments in Shaker K ϩ channels have demonstrated state-dependent cysteine reactivity at the C-terminal end of the S6 transmembrane segment (7), consistent with the movement of a putative gate in or around this region of the molecule.
Site-directed spin labeling and electron paramagnetic resonance (EPR) spectroscopy are ideally suited to probe the structural dynamics of membrane proteins (8) . This approach, applied to KcsA channels (9), shows gating-related conformational changes in residues lining the permeation pathway along TM2 (structurally equivalent to S6). Those changes suggest that channel opening is associated with a widening of the internal vestibule of the channel. Here we have studied trends and periodicity changes in the EPR signal from a large set of residues in KcsA to gain information about the global structural changes that underlie pH-dependent gating.
Functional Role of the C-Terminus
We analyzed the functional role of the C-terminus of KcsA by looking at the effect of specific cytoplasmic deletions on the ability of the channel to gate in a pH-dependent manner. We compared two deletion constructs, ⌬140 -160 and ⌬125-160 (10), with control constructs having the His 6 tag at either end of the molecule by measuring Ba 2ϩ -sensitive 86 
Rb
ϩ uptake in proteoliposomes (4) (Fig. 1A) . It is expected that if the gate of the channel is indeed mostly intracellular, deletions at the C-terminus should render the channel permanently open, uncoupling proton binding from ion conduction. In the absence of most of the C-terminus (⌬125-160), 86 
ϩ influx is only partially uncoupled from proton binding (Fig. 1B) . The channel can still close at neutral pH but to about 50% of control, as if the main gating transition were still present and the C-terminal deletion affected the stability of the closed state. These effects appear to be restricted to the region between residues 125 and 140 of the C-terminus, because construct ⌬140 -160 behaved like the control channel (Fig. 1B) .
These results suggest that the C-terminus cannot be the primary gate of KcsA, because in its absence the channel is still able to partially regulate a Ba 2ϩ -sensitive 86 Rb ϩ influx in a pH-dependent manner. It appears unlikely, therefore, that gating in KcsA occurs as a consequence of conformational rearrangements of a cytoplasmic "plug," although the functional effects of deleting the C-terminus may suggest a close interaction with the membrane-embedded regions of the channel. In fact, data from site-directed spinlabeling studies (11) indicate that residues ϳ125 to 145 may form an intracellular helical bundle immediately adjacent to the "inverted teepee" formed by TM2, similar to what is found in the cytoplasmic region of the mechanosensitive channel MscL from Mycobacterium tuberculosis (12) . These two structures might be physically coupled, and deletion of the C-terminus could lead to an increase in the motional freedom of the TM2 helices (13) , which explains the increase in channel activity at neutral pH. Thermal denaturation experiments of the deletion constructs tend to support this statement, as Fig. 1C demonstrates a small but significant shift in the midpoint of the denaturation curve, from about 76°C in the control KcsA to about 70°C in ⌬125-160 and about 74°C in ⌬140 -160.
Rigid-Body Movements of Transmembrane Helices
At a basic level, activation gating could involve rigid-body movements through the tilting or twisting of secondary structure elements or domains, as has been shown for gap junctions, acetylcholine receptors (14) , and rhodopsin (15) . Alternatively, they could also require secondary structure transitions like those suggested for the conformational changes in the S4 segment in voltage-dependent channels (16) . We studied the pH dependence of the secondary structure content of KcsA by circular dichroism (CD) spectroscopy (17) . Table 1 shows the results of these experiments obtained for pH values between 3.0 and 7.0. At neutral pH, the current data matched earlier determinations with CD spectroscopy (18) and were close to those obtained by Fourier transform infrared spectroscopy (19) . At lower pH values there appeared to be no significant changes in the secondary structure content of KcsA, which clearly shows that channel opening must be coupled to the motion of entire domains or secondary structure elements.
We then compared the EPR spectral properties of spin-labeled cysteine mutants determined at either neutral or acidic pH for more than 60 cysteine mutants (20) . Three regions of the channel were studied: the two transmembrane helices TM1 (residues 26 to 50) and TM2 (residues 90 to 120) and the regions immediately flanking the narrow portion of the selectivity filter ( Fig. 2A) . Two structural parameters were analyzed: probe mobility (Fig. 2B, ⌬Ho) and the ⍀ parameter. Mobility changes (⌬⌬Ho) are an indication of rearrangements in tertiary or quaternary contacts; positive ⌬⌬Ho values suggest increased steric contacts and negative ⌬⌬Ho values imply increased motional freedom (21). The ⍀ parameter reports on changes in intersubunit probe-to-probe proximity and is obtained from the ratio of the normalized amplitude of spectra ( The result of the analysis of TM1 and TM2 spectral data sets obtained in the closed or open conformation is shown in Fig. 3 . Because TM1 is located in the periphery of KcsA and less than half of the helix is involved in tertiary contacts, ⌬⌬Ho should be a very sensitive indicator of helix tilting and rotation (Fig. 3A, left) . Indeed, changes in TM1 ⌬⌬Ho show evidence of a strongly periodic behavior, where pockets of residues experience enhanced tertiary contacts alternating with residues that show an increase in motional freedom. The power spectrum obtained from the TM1 ⌬⌬Ho profile (22) displays a large peak centered at 108° (Fig. 3B ). This is a clear indication of ␣-helical periodicity and suggests that the movement of TM1 occurs as a rigid body (23). The ⍀ profile also shows considerable changes upon channel gating, mostly at the N-terminal half of the helix (Fig.  3A , right). The fact that some residues in TM1 (28, 29, 35, 46) show ⍀ values Ͻ1 and others (27, 31, 33, 43, 44) have ⍀ values Ͼ1 indicates that TM1 rotates along its helical axis when The ⍀ parameter is operationally defined as ⍀ ϭ A */A °, were A * is the amplitude of M ϭ 0, measured at low pH, and A °i s the amplitude of M ϭ 0 at neutral pH. It is plotted as log ⍀ to show Ϯ polarity in the changes. All data are normalized to the total number of spins in the sample using the peak-to-peak value of the double integral of the spectra. Also indicated is the measurement of the mobility parameter (⌬Ho) as the peak-topeak width of M ϭ 0. (C) Examples of changes in spectral line shapes depicting changes in dipolar spin-spin coupling (left, ⍀ parameter) and probe mobility (right, ⌬⌬Ho). Black spectra were taken at pH 7.2, where the channel is mostly closed; red spectra were obtained at pH 3.5, which favors the open conformation. Scan width is 100 G except for the marked spectra (150 G). going from the closed to the open conformation. Additionally, the largest changes in ⍀ occur at the N-terminal half of TM1, which implies that this segment also tilts toward the symmetry axis during gating. We estimated the direction of helical rotation by calculating the mobility moment of TM1 (24) in the closed and open conformations (Fig. 3C ). This vector points to the direction of maximal motional freedom of the helix. Taking residue W 26 (25) as reference ( ϭ 0), and viewed from the extracellular surface of the channel, we found a net counterclockwise rotation ⌬ of about 21°. This determination cannot be directly translated into a physical rotation angle because precise interspin distances should be used for this purpose (26). However, it does provide a reliable determination of the direction of rotation along the TM1 helical axis.
An examination of the structural rearrangements in TM2 demonstrates a more dramatic set of changes in both probe mobility and spin-spin coupling than those observed in TM1. The ⌬⌬Ho plot shows strongly periodic behavior (Fig. 3D, left) , with large mobility changes through most of TM2 and a gradual decrease in the magnitude of the change near the N-terminus of the helix. As with TM1, this pattern is indicative of rotational motions along the helical axis of TM2. The profile for the interspin proximity changes, on the other hand, shows ⍀ values Ͼ1 for most of the TM2 residues, an indication of movement away from the symmetry axis (Fig. 3D, right) . However, it also shows a number of residues with ⍀ values Ͻ1 (96, 100, 109, 117) and thus moving closer to the symmetry axis. This ⍀ profile can be explained only by postulating that TM2 undergoes rotation and translation movements when going from the closed to the open state. This rearrangement of TM2 also occurs in the form of a rigid-body movement, because the power spectrum of the ⍀ parameter profile shows a sharp and unambiguous peak centered at 91° (Fig. 3E) . The direction of helical rotation also occurs in a counterclockwise manner, with ⌬ ϭ 20°, viewed from the extracellular face of the channel (Fig. 3F) .
Conformational Stability Near the Selectivity Filter
In an attempt to define the types of molecular movements near the selectivity filter during activation gating, we placed spin labels in regions immediately flanking the K ϩ -channel signature sequence TVGYGD (Fig. 4) . These labeled residues can be classified as external (residues 81, 82, and 83) and internal (residues 72, 73, and 74) relative to the ion binding sites of the selectivity filter. We found no significant change in either probe mobility or spin-spin interaction at the external side of the selectivity filter. This was true even for residue Y 82 , which showed strong line shape broadening due to spinspin interaction and should be very sensitive to any type of conformational change (see Fig. 2C ). In contrast, residues on the internal side of the selectivity filter reported changes in both ⌬⌬Ho and ⍀ parameters upon channel opening. Residue T 72 displayed increased steric contacts while moving away from the symmetry axis. Residues A 73 and T 74 , on the other hand, increase their motional freedom while moving toward the symmetry axis of the channel. Although these findings are inconclusive in the absence of a systematic study of the entire P-loop region, one interpretation is that most of the selectivity filter remains immobile during gating; however, the conformation of the lower portion of the selectivity filter can be modified by movement of the pore helix.
pH Dependence of Helical Movements
What is the relationship of these helical movements to pH-dependent channel opening? Do the changes in each helix reflect the same global conformational change? We studied the pH dependence of the conformational rearrangements in TM1 and TM2 and compared it with the pH dependence of channel activation, as measured from radiotracer uptake experiments. We chose three sites to follow the helical movements (Fig. 5, A to C at the core of the TM2 bundle. In each case, the spectral properties showed a gradual change with pH, which could be fitted with a simple protonation model (Fig. 5D) . Most of the conformational changes occur within a narrow pH range (pH 4 to 6), with virtually no spectral changes detected for pH values lower than 4. When normalized, all the pH dependencies obtained from either changes in probe mobility (⌬⌬Ho) or spin-spin interactions (⍀) fall on the same curve, a clear indication that these spin labels report on the same global conformational change. Superimposed on this plot is the pH dependence of the Ba 2ϩ -sensitive 86 Rb ϩ influx of KcsA (dotted line). Moving from neutral to acidic pH, the curve representing the conformational changes precedes the channel activity curve by about 1.5 pH units. This is, in fact, the expected behavior for these two types of measurements if we assume that channel opening is somehow coupled to rearrangements in TM1 and TM2. Radiotracer fluxes can be detected only when the four subunits are in the correct "active" conformation, but spectroscopic measurements continuously report on the whole population of subunits. However, at steady state, we cannot distinguish whether coupling between the TM1 and TM2 movements and ion flux is direct (27) or an intermediate step preceding a final, concerted pore opening (28).
Structural Context of the Conformational Changes
Conformational changes derived from EPR line shapes can be mapped onto the KcsA crystal structure (Fig. 6 ). Colors were mapped on a surface representation of the channel as a graded spectrum where red and blue represent two (33) were generated for the entire channel (A), the external helices (TM1 residues 26 to 51) (B), the internal helices (TM2 residues 90 to 120) (C), and the selectivity filter and pore helix (residues 58 to 87) (D). Each one is shown with a tracing of the backbone (left). The color spectrum is the same for all figures and was calculated globally from the entire set of data. In conformational extremes for ⌬⌬Ho or ⍀ at each position and white represents no detected change (or no data).
The overall distribution and relative magnitude of these changes are shown in Fig. 6A for the whole channel surface. When individual regions of the channel are analyzed separately, clear patterns of motion start to emerge (Fig. 6,  B and C) . Particularly interesting are two adjacent ridges of residues observed for the spinspin interaction data in both transmembrane segments. The shape and extent of these ridges are consequences of the types and magnitudes of the rotations and translations undergone by each helix when the channel gates. In the ⍀ map, the best defined ridge corresponds to ⍀ values Ͼ1 or positions that move away from the symmetry axis (dashed lines). It extends through most of the inner face of TM1 but wraps around the entire helix in TM2. The second ridge includes residues with ⍀ values Ͻ1, thus moving toward the symmetry axis (solid lines). When ⌬⌬Ho values are mapped on the structure, both ridges are remarkably well reproduced in TM1 but are not well defined in TM2, an expected consequence of the extensive network of tertiary and quaternary contacts of the inner bundle.
The dramatic contrast between the conformational stability found in the external vestibule of the channel and the changes occurring at the base of the selectivity filter is shown in Fig.  6D . The current data demonstrate the intrinsic rigidity of the external vestibule and make it unlikely that the outer regions of the pore participate in the gating of KcsA. These findings help rationalize experiments in K ϩ channels showing that there appear to be very small gating effects due to the binding scorpion toxins (29) despite the tight interaction between these molecules.
On the Mechanism of Activation Gating
The nature and location of the observed conformational rearrangements in KcsA establish a specific set of constraints for a molecular description of gating. Based on energetic considerations alone, only a 5-kT change in the permeation energy barrier is enough to functionally close an ion channel (30) . Although this could be achieved with small perturbations in the structure of the selectivity filter, the magnitude of the changes observed in the TM2 bundle and those necessary to explain ion trapping and open-channel block effects (6, 7) suggest a more complicated mechanism.
The general conformational rearrangements that might take place in the transmembrane helices during the opening of KcsA are summarized as a cartoon in Fig. 7 . In this extracellular view, we suggest that through a pH-dependent mechanism in the external side of the channel, TM2 rotates in a counterclockwise direction while swinging away from the permeation pathway, thus increasing the diameter of the inner vestibule. Either simultaneously or as a consequence of the movement of TM2, TM1 would also rotate in a counterclockwise direction with a small tilt toward the permeation pathway, perhaps filling spaces left open by the movement of TM2. Because under the current experimental conditions changes in spin-spin interactions are measured only in the plane of the membrane, consideration should be given to more pronounced helical tilts than those suggested by the current data set.
Assuming that the key conformational change during gating does occur along TM2, is the narrowest portion of the TM2 bundle a large enough energetic barrier to impede the passage of permeant ions? Evidence accumulated from cysteine reactivity experiments indicates that the closed pore limits the accessibility to MTS reagents (minimal radius 3 to 3.2 Å) and Cd 2ϩ (crystal radius 1.71 Å) very effectively (31) . Because of the hydrophobic lining at the inner vestibule of K ϩ channels, it is unlikely that a permeant ion will shed its hydration shell. It would be unable to establish energetically favorable interactions with this region of the pore. Consequently, the TM2 bundle becomes a reasonable barrier to the passage of ions, because a physical opening of 3 to 4 Å appears to be small enough to prevent entry of hydrated cations into the channel vestibule.
As expected, this initial model leaves several important questions unanswered. Perhaps the most important one relates to the actual role of the pore transitions and its interplay with the larger changes observed for TM1 and TM2. The types of movements detected at the base of the pore helix might lend structural support to the description of subconductance states representing partial openings in transit toward the fully open conformation (32) . However, it is also possible that these selectivity changes and subconductance states are a direct consequence of intermediate states populated during opening of the TM2 bundle. Initiated by a proton-dependent step, TM2 rotates in a counterclockwise direction and away from the permeation pathway, opening the channel. In the channel periphery, TM1 mirrors the rotation of TM2 but tilts inward toward the permeation pathway. Note, however, that for illustration purposes the movements depicted here are much larger than expected and constitute a simplified representation of rigid-body movements compatible with the current set of data.
The actual magnitude of these changes remains to be determined. a 10-fold volume excess of buffer (50 mM citrate phosphate buffer), followed by centrifugation at 10,000g in an Airfuge. We obtained X-band continuous wave (CW ) EPR spectra by using a loop-gap resonator with 2-mW incident power, 100-kHz modulation frequency, and 1-G modulation amplitude. 21. These spectra contain information about the motional freedom of the spin label and how it is affected by local steric restrictions. In the absence of a formal line shape analysis for each spectrum, the parameter ⌬Ho, representing the width of the central resonance line, has been successfully used as an empiric mea (9)]. 23. In a rigid body movement of an ␣ helix , the overall ␣ periodicity of a given structural property (⌬Ho) is normally preserved. Rotations generate a mobility profile that is shifted along the residue axis, whereas tilts and dissociations primarily affect the side of the helix involved in tertiary or quaternary contacts. In either case, the power spectra will show a prominent peak near 100°. If, on the other hand, there are changes in secondary structure, the relative area of the peak near 100°will decrease according to the magnitude of the loss in helical periodicity. 24. This is the resultant vector from the sum of all ⌬Ho values in polar coordinates calculated from the equation (either ⌬Ho or ⍀) is affected by nonstructural factors: ⍀ is nonlinearly dependent with distance and is affected in an unknown way by the presence of the four interacting spin labels; ⌬Ho values are closely related to the local steric environment at each individual position, which obviously changes upon channel opening. Therefore, the value of the ⌬ angle should be taken as a qualitative estimate of the magnitude of the rotation. 27. This response can be represented by a simple kinetic scheme, 
